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Weld Formation in Microgravity
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In order to investigate the effect of gravity on the formation of a weid, gas tungsten arc (GTA) welding
was performed both in a mictogravity environment and in a terrestrial environment. The microgravity
environment was produced for 10sec with less than 10-5G by a drop-shaft type microgravity system
at Japan Microgravity Center (JAMIC). The material used wasan aluminumalloy. It has becomeclear that
in the microgravity envi~onment, the weld bead is formed flatly and a large amountof metal can be welded
at onceand in any welding position though the weld shape is significantly affected by gravity in the terrestrial
environment. Whenhelium rather than argon is used as a shielding gas, the butt weld is formed moreflatly

because the arc pressure is reduced. Judging from the distribution of the grain structures in the weld, in

the microgravity environment, the temperature gradient is smaller than that in the terrestrial environment,
and the degree of the constitutional supercooling is higher due to the absenceof the heat transfer by gravity.

KEYWORDS:microgravity environment; shielding gas, gas tungsten arc welding; weld bead; bead-on-plate
weld; butt weld.

1. Introduction

Weldedjoints are moreairtight and reliable than those
prepared with any other methods. Such characteristics

are indispensable for constructing space structures. In
order to use currently avaiiable materials in space for a
long period, welding processes are essential because the
repair of structures and the assemblyof parts are required
in space. The first welding experiment in space was
performed in 1969, by the USSRduring the "Vulkan"
experiments of the Soyuz-6 mission.1) The first US
experiment on space welding was conducted in 1973,
aboard the Skylab.2) However, the detailed information

on the welding phenomenain space is not very opento the
public. In Japan, welding experiments have not yet been
carried out in space and even welding in a microgravity
condition is scarcely reported in spite of its impor-
tance.3~5) In order to estlmate the strength of joints

welded in space, it is necessary to clarify the effect of
gravity on the formation of welds.

In this study, gas tungsten arc (GTA) welding was
carried out using a drop-shaft type microgravity system
at Japan Microgravity Center (JAMIC). The system
can produce 10sec microgravity with a high quality
microgravity condition. The difference In weld forma-
tion between in the microgravity environment and in a
terrestrial environment is investigated.

2. SpaceEnvironment

The environment in space is different from that on
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earth in several respects. Thefirst is the degree of gravity.
In space, typical gravitational acceleration is between
l0~4 and l0~6 G, and therefore the effects of buoyancy,
sedimentation, and hydrostatic pressure are negligible.

The second is that space is in a vacuumcondition. For
examp]e, typical levels in the low earth orbit (LEO) are
between lO4 and l0~8 Pa.6) The third difference is in
the degree of temperature variation. It has been reported
that the temperature of a space structure varied from
-90 to 200'C.7) The fourth difference is an atmospher-
ic composition. Atomlc oxygen formed by the photo-
dissociation of molecular oxygen is the most prevalent
species in the LE08) and is one of the most severe
threats to space structures. In the LEO, space debris
and micrometeroids are also traveling at very high
speeds, about 8km/sec, and therefore, they sometimes
damageor destroy space structures.

3. Experimental Apparatus and Procedure

3.1. Experimental Apparatus
Microgravity environments can be achieved by several

methods. The first method is to carry out experiments
in space,1'2) the second is to fall an aircraft3) or a rocket
with a flying laboratory, and the third method is to fall

a drop capsule through a drop-shaft.4,5) The first method
costs too much. Although the second methodprovides
longer duratlon, the quality of microgravity is lower than
the drop-shaft type. In this study, weused the drop-shaft
type microgravity facility at JAMIC. The system can
maintain lOsec microgravity with a microgravity con-
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Table 1. Chemical composition of the aluminum alloy.

(masso/o)

Al Mg Mn Fe Cr Cu Zn TiSl

Bal 4,41 0,62 0.21 O, 12 0.09 0.02 O02 O02

dition of less than l0~5G. The quality of micro-
gravity of the system is the highest up to the present9)

and is similar to the space environment. The drop
capsule is composedof a double structure consisting of

an inner and an outer capsule and a vacuumis main-
tained between them so that the free fall velocity of
the inner capsule will not be affected by the air drag. A
small-sized GTAwelding apparatus is accommodatedin
the inner capsule. The size of the apparatus is 0.87 m~x
0,87ml x 0.92mh. Figure I shows the GTAwelding

apparatus used in this study. The apparatus consists of

a welding chamber, a battery, a welding power source,

a shielding gas supply and a welding control system. The
welding chamberis equipped with a specimen, a torch
sliding system and a CCDcamera to observe the weld
pool. The battery is an uninterruptible power system
(UPS)which supplies 2.4 kW(ACIOOV,3000VA)to the

welding power source. The welding power source is a
constant current type.

3.2. Materials and Welding Conditions

The material used was an aluminum alloy. It was
selected as a material commonlyused in aerospace. Table

1showsthe chemical composition of the aluminumalloy.

Pure silver (99.99masso/o) was also used to investigate

the effect of oxide filrn on welds. Table 2 shows the

welding conditions. Bead-on-plate welding as well as
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butt welding wasperformed. Thewelding positions were
vertical up and horizontal. The polarity was the direct

current electrode negative (DCEN), Note that, in this

study, the electric power rather than the welding cur-
rent was set to be the samefor the different two shield-

ing gases. The shielding gas flow rate wasoptimized in a
terrestrial environment and ali specimens were welded
with the sameGTAwelding apparatus. Someof them
were welded in the microgravity environment and the
others in the terrestrial environment.

In order to investigate the weld shape and the mi-
crostructure, the welds were observed using a polariza-
tion microscope after cutting, mechanical polishing and
electrical etching the specimens.

4. Results and Discussion

4.1. Effect of Gravity on Weld
Figures 2and 3showtransverse sections of the bead-

on-plate welds and the butt welds formed in horizontal
welding with argon shielding gas in both environments,
respectively. As shown in Figs. 2(a) and 3(a), in a
terrestrial environment, the weld bead is hollowed out
in the upper part and is bulged very muchin the lower
part. In this case, the molten metal drops in the gravity
direction and is solidified there. In a microgravity
environment, on the other hand, the weld pool is main-
tained and the weld bead is formed more flatly due
to the lack of gravity, as shownin Figs. 2(b) and 3(b).

Whenargon is used as a shielding gas, the difference

in the weld shape between in the terrestrial environment
and in the microgravity environment is larger in butt

welding than in bead-on-plate welding. This phenomenon
indicated that the weld shape is affected by the arc
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Table 2.

(1 998),

Welding conditio]Is

Aluminumalloy

No. 2

Welding method

Samplesize, lmmx mm~x mmt

Shielding gas
Welding position

Welding current, A
Welding voltage, V
Welding velocity, m/sec
Shielding gas flow rate, m3/s

Bead-on-plate welding

Argon
Vertical up

80
12

4.0 x l0~3
8.3 x 10-5

160 x 50 x 3

Argon
Horizontal

80
12

3.6 x l0~3
8.3 x l0-5

Helium
Horizontal

52
18

4.8 x l0~3
l.7 x l0~4

Butt welding

160 x 25 x 3(a piece)

Argon Helium
Horizontal Horizontal

80 52
12 18

3.6 x l0~3 4.8 x l0~3
8.3 x l0~5 1.7 x l0~4

Pure silver

Bead-on-plate
welding

160 x 25 x 3

Argon
Vertical up

80
12

2.9 x l0~3

83x 10~5
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2. Transverse sections of bead-on-plate welds in horizontal welding with argon shielding gas.
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The arrows indicate the

pressure moreeasily in butt welding.
In the terrestrial environment, the butt we]d is smaller

than the bead-on-plate weld. This result indicated that

a small gap between the piates in the butt welding can
cause a significant difference in the heat transfer. The

gap also causes pores, as shownwith arrows in Fig. 3
(and see Fig. 5). In particular, in a microgravity environ-
ment, more pores are left in the weld than in the ter-
restrial environment because the bubbles cannot be
easlly reieased from the weld pool before the solidifica-
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4. Transverse sections of bead-on-plate welds in horizontal welding with helium shielding gas.
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Transverse sections of butt welds in horizontal welding with helium shielding gas.

pores.

tion due to the lack of the buoyancy.

4.2. Effect of Arc Pressure

In order to investigate the effect of arc pressure, helium

gas wasused as a shielding gas. Hiraoka et al. reported
that the arc pressure with helium shielding gas is about

one third of that with argon shielding gas, under a
condition of welding current; 200A, arc distance;

5x l0~3m, shielding gas fiow rate; 3.4 x lO4m3sl
and vertex angle of electrode; 30'.10)

Figures 4 and 5 show transverse sections of the

bead-on-plate welds and the butt welds fonTled in

horizontal welding with helium shlelding gas in both
environments, respectively. Whenhelium is used as a
shielding gas, both the butt weld and the bead-on-plate
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I'1mm
Thearrows indicate the

weld are formed flatter than those with argon shielding

gas, as shownin Figs. 4and 5. In particular, the welds
formed in the microgravity environment are almost flat

in both sides of the bead. Accordingly, it can be concluded
that the maintaining force of the weld shape (e,g, the

surface tension) Is larger than the force by the arc pressure
with the helium shielding gas. As mentioned before, an
argon shielding gas is expected to prodLuce several times
larger 'arc pressure than 'a helium shieldlng gas. As a
matter of fact the pressure bent the weld significantly in

the butt welding, as shown in Fig. 3(b). However, the

bead-on-plate weld was not bent even with the argon
shielding gas. Accordingly, the force by the arc pres-

sure with the argon shielding gas in this case seemsto

have been slightly larger than the maintaining force of
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the weld shape.
It is considered that, even in the terrestrial environ-

ment, the maintaining force of the weld shape should
be close to the force by the arc pressure with the argon
shielding gas. However, because gravity forces the weld
pool to drop andmakesthe effect of arc pressure unclear,
it has been impossibie to makea similar evaluatlon in

the terrestrial environment.

4.3. Effect of Welding Position

In order to investigate the effect of welding position,

welding was also performed in the vertical up position
in both environments. Figure 6 shows appearances of
bead-on-plate welds of the aluminum alloy in both
environments and Fig. 7 shows transverse sections of
the welds. As shownin Flg. 6, the irregular wrinkles are
continuously observed on the surface of the weld in the
microgravity environment though the ripples are ob-
served on the surface of the weld in the terrestrial

environment. These results indlcated that the molten
metal fiows irregularly in the mlcrogravity environment.
In the microgravlty environment, the weld bead is nearly
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flat as in the horizontal position. Thus, it is possible to
weld in any welding position in a microgravity environ-
ment. In the terrestrial environment, on the other hand,
the center of the weld bead is bulged. However, the
difference in the weld bead is muchsmaller than ex-
pected. This is probably because the flow of the molten
metal is restralned by the oxlde fi]ms, as shownin Fig. 6.

In order to investigate the effect of oxide films on
welding phenomena,pure silver is selected as a model
material. Figure 8showsweld beadsof the silver in both
environments. As shown In Fig. 8(a), in the terrestrial

enviroument, the weld pool fell away and a hole was
formed by the effect of gravity. The paper behind the
materlal can be seen through the hole. In the microgravity
environment, on the other hand, the weld pool maintains
its position on the specimenplate, evenwithout the oxide
films, and both the weld bead and the crater are flatter

than those of aluminum alloy. This indicates a big

advantage of the mlcrogravity environment; welding

can be performed with a large energy density forming a
large weld pool in a mlcrogravity environment.
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Fig. 8. Weld bead appearances ofpure silver in vertical up welding with argon shielding gas.

(b.). IG:
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Fig. 9.

10-5G:

200um 200um
Longitudinal sectlons of bead-on-plate welds formed
in horizontal welding with helium shielding gas in both
environments.

4.4. Microstructure and Solidification

Figure 9shows longitudinal sectlons of the bead-on-
plate welds formed in horizontal welding with helium
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shleiding gas in both environments. In the terrestrial

environment, the columnar grain structures are observed
in the upper part of the weld and the equiaxed grain
structures are observed in the other part, as shown in

Figs. 9(a) and9(b) (and see Fig. 4(a)). This result indicates
that in the upper part of the weld the ternperature gradi-

ent is larger and that the degree of the constitutional
supercooling is lower. It is considered that the difference
in the temperature gradient is causedby the heat transfer

from the lower part to the upper part because of the

molten metal drop in the gravity direction and that the

upper part is cooled more quickly. In the microgravity
environment, on the other hand, the equiaxed grain

structures are distributed widely throughout the weld, as
shownin Figs. 9(c) and 9(d). The temperature gradient
should not be very different due to the absence of the

molten metal drop.
Figure 10 showsthe mlcrostructure in the middle part

of the welds in the microgravity environment. As shown
in Fig. lO, whenhelium is used as a shielding gas, the
size of the equiaxed grains is larger than those when
argon is used. Thus, the cooling rate with helium shield-

ing gas is smaller than that with argon shielding gas.11)

According to Sendaet a!., 12) the cooling rate is in inverse

proportion to a square of heat input. Accordingly, it is

evident that the thermal efficiency with helium shield-

ing gas is higher than that with argon shielding gas.
As shownin Figs. 3(b) and 5(b), in the microgravity

environment, the columnar grain structures in the butt

weld are observed morewidely in both sides than those
in the bead-on-plate weld. This result indicates that a
larger temperature gradient in the butt weld is causedby
the gap betweenthe plates. Thequantity of the weld pool
in the butt welding of the terrestrial environment (Figs.

3(a) and 5(a)) Is smaller than the others. This result

indicates that the gap between the plates affects the

heat transfer in a terrestrial environment, but that the

gap does not affect the heat transfer very muchin a
microgravity environment.



ISIJ International. Vol. 38 (1998), No. 2

(a) Ar:

(.b) A,r:

Fig.

400um 400um

400um 400um
lO. Difference in grain size betweenwith argon shielding

gas and with helium shielding gas (iO~ 5G).

Figure 11 shows longitudinal sections of the butt
welds formed in horizontal welding with helium shielding

gas in both environments. The grain structures of the

transverse sections in both environments look like the

samestructures, as shown in Figs. 4and 5. However,
when the longitudinal section is observed, it is found
that the columnar grain structures are distributed
throughout the butt weld with helium shielding gas in

the terrestrial environment, and the equiaxed grain
structures are distributed in the microgravity environ-
ment, as shownin Figs. 11(a) and I l(b). The weld pool
size on the former condition wassmaller, as seen in Fig.
5(a). Accordingly, the temperature gradient should have
been larger.

In addition, only in the former condition, the feather
crystal structure is observed in the middle part. Figure
12 showsa magnified photograph of the feather crystal

structure. The feather crystal structure is often formed in

aluminumalloys whenwelding is performed at high heat
input and at a low we]ding velocity.13) At a constant
welding velocity, as the heat input increases, a grain
structure formed varies from the columnar grain struc-
ture to the feather crystal structure and then to the
equiaxed grain structure. Sendaet al, reported that the
feather crystal structure is formed in a temperature
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(a) IG (b) I0-5G
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Fig. 11. Longitudinal sections of butt welds formed in

horizontai welding with helium shielding gas in both
environments.

200um
Fig, 12, Feather crystal structures in butt welds of horizontal

welding with helium shielding gas in terrestrial

environment.

gradient between that for the columnar grain structure
and that for the equiaxed grain structure,13) It is

reasonable that the feather crystal structure wasformed
in the middle part of the weld.
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Fig. 13. Arc shape invertical up welding with argon shielding

gas.

4.5. Effect of Gravity on Arc Shape
Figure 13 showsthe arc photographed using a welding

filter (JIS 11) in both environments. In this study, the

arc shapesare very similar in both environments, though
Kaihara et al. reported that gravity affects the arc shape.4)

Thedifference in the results maybe caused by the differ-

ent transmissivity of the filters. Whenthe transmissivity

of a filter is lower, the image corresponds to a higher

temperature region. Whenthe transmissivity is higher,

the image includes a lower temperature region. More
detailed investigations are necessary on this point.

5. Conclusion

By performing welding both In a microgravity en-
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vironment and in a terrestrial environment, the fol-

lowing points were found.
(1) Theweld bead is formed flat in the microgravity

environment and is significantly affected by gravity in

the terrestrial environment.
(2) In the microgravity environment, a large amount

of metal can be welded at once and in any welding
position.

(3) Whenhelium is used as a shielding gas, the weld
bead formed is flatter than that formed using argon
shielding gas because of the reduction of arc pressure.

(4) Judging from the distribution of the grain struc-

tures in the weld, in the microgravity environment,
the temperature gradient is smaller than that in the
terrestrial environment, and the degree of the constitu-
tional supercooling Is higher due to the absence of the
heat transfer by gravity.
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